INTRODUCTION
It has been proposed, in part to explain the transient nature of substorms, that reconnection in the magnetotail is not a steady process but rather Occurs impulsively when a magnetic X-line forms in the plasma sheet some 15 or 20 R e tailward of the earth [Russell and McPherron, 1973; Hones, 1977] . According to this model the reconnection process converts magnetic en6rgy stored in the magnetotail into particle kinetic energy, and this provides the energy source for a variety of substorm-related phenomena, including intensification of the auroral electrojet. Although controversy persists, particularly with regard to reconnection as the energy source of substorms [e.g., Akasofu, 1981 were also associated with substorms as evidenced by the AE index [Bieber and Stone, 1980 , hereafter referred to as paper 1; Bieber et al., 1982, hereafter referred to as•paper 2]. A further result of this study was that in 5 of 16 events considered in paper 2, a brief surge in the temperature of plasma electrons occurred shortly before the onset of energetic electron streaming. These heated-electron events were invariably observed near the neutral sheet in association with very fast tailward plasma flows (500-1000 km/s) and strong southward magnetic fields (Bz '-, --5 to --20 nT).
The present paper presents further information on heatedelectron reconnection events. Although macroscopic reconnection signatures will be covered in some detail initially, the emphasis here will be on the microstructure of these events as revealed in high time resolution measurements of the magnetic field and the plasma electron distribution function.
It is possible that heated-electron events constitute a distinct type of reconnection event, since the heating was observed in only ,,-30% of events studied (paper 2). However, an alternate explanation would be that the heating occurs in most reconnection events but is temporally and/or spatially localized, so that the heated electrons are not always observed. In the case of the magnetic field the behavior described here is characteristically observed during heated-electron events, but it is not unique to these events. Most of the reconnection events studied in paper 2 exhibit similar magnetic field behavior, regardless of whether or not heated electrons were observed.
Following a brief description of the available data in the next section, an overview of the heated-electron events is presented in section 3. Sections 4 and 5 consider in detail the behavior of the plasma electrons and the magnetic field and present some possible interpretations of the data. The summary appears in section 6.
THE DATA SET
All magnetotail data for this analysis were obtained by IMP 8 at XaSM coordinates between -32 and -34 R•. Heating events were observed within 1.2 R• of the nominal [Fairfield, 1980] Plasma data were obtained by the Los Alamos National Laboratory plasma analyzer. Protons are measured at 16 energy levels between 84 eV and 15 keV, and electrons at 16 levels between 5.7 eV and 14 keV. The spacecraft spins with 2.6-s period about an axis nearly perpendicular to the ecliptic plane. Over the course of five spins, each energy level is measured at 16 values of azimuth separated by 22.5 ø . The wide detector fan (-56 ø to + 56 ø in elevation angle) effectively integrates over the elevation dependence of incoming plasma particles. A full 16 x 16 energy-azimuth array requires about 13 s to measure, and successive measurements of a given species are centered 26 s apart, as the analyzer alternates between proton and electron measurements.
As will be shown later, the time scale for variation of the magnetic field and electron distribution function is sometimes shorter than the 13 s required to measure a complete 16 x 16 energy-azimuth array. Fortunately, the count level for electrons is frequently high enough that the distribution function in a specific azimuthal range may be determined from a single energy scan, which requires only ,-,0.5 s. Usually, significant counts appear at only ,-,8 of the 16 energy levels, so the effective accumulation time is actually ,-,0.25 s. During this time the look direction of the detector changes by only ,-, 35 ø.
Since magnetic field vectors are obtained at 0.32-s intervals, these single-scan distribution functions can be accurately related to the instantaneous magnetic field direction.
The magnetic field and plasma data described above are of primary interest here, but two additional data sets also play a role. Measurements of > 200-keV electrons were obtained by the Caltech electron/isotope spectrometer. Streaming energetic electrons provided the original event markers (see paper 1), and for completeness these observations are presented here. Each energetic particle sample requires 18 s to accumulate, and successive samples are centered 82 s apart.
Finally, ground-based magnetograms are available from a variety of auroral zone stations. These are used to demonstrate the close association of heated-electron reconnection events with substorms.
OVERVIEW OF HEATED-ELECTRON EVENTS
It is the purpose of this section to present fairly detailed information on the macroscopic behavior of plasma, magnetic fields, and energetic particles during heated-electron events.
The goal is to demonstrate that these events are indeed reconnection related, and to show, using ground-based magnetograms, that the events are closely associated with substorms. The magnetotail data are presented in Figure 1 The third panel in Figures la-le shows the electron temperature. Note that the vertical scale is not the same in all figures. This quantity was calculated by taking 2/3 of the mean electron energy, as would be appropriate for an isotropic Maxwellian. Since a bulk flow velocity of 1000 km/s contributes only ,-, 3 eV to the energy of an electron, the plotted quantities do represent primarily thermal motions.
A pulse of heated electrons is evident in each of the events shown in Figure 1 . It occurs near the end of the tailward flow interval, shortly before onset of energetic electron streaming (see bottom panel). In most cases there is a smooth rise to a peak, requiring 1-2 rain, which is terminated by a dropout of the plasma (e.g., events 1, 2, and 5) and/or by a smooth fall from the peak (e.g., events 4 and 5). Event 3 is somewhat anomalous in that two samples at elevated temperatures are separated by a sample at the pre-heating temperature level. In each of the events a decrease in the plasma density (prior to the final dropout, if one occurs) is associated with the heating pulse.
Except for event 1, proton flow vectors do not appear during the actual heating pulse. This is because the density decrease just mentioned reduces the accuracy of the flow velocity calculation below the threshold required for plotting in the figures. However, owing to the higher count rate of electrons, it was possible to calculate flow vectors from the electron data during the heating pulse. These data indicate that the average flow velocity during the pulse lies in the range 900-1600 km/s, which represents an increase over the preheating flow velocity by a factor of 2-3. In the case of event 1 this increase is supported by the ion data, which indicate a tailward flow velocity of ~ 800 km/s during the heating pulse, as compared with an average value of 360 km/s during the pre-heating interval. Thus although a definitive conclusion would require accurate ion flow measurements during the .heating pulse, the available data suggest that concurrent with electron heating, the plasma bulk flow velocity increases substantially.
It would bc of interest to know whether the proton temperature increases at the same time the electron temperature does. Unfortunately, the present data set is inconclusive as regards this question, because the bulk motion of the plasma shifts the center of the proton distribution function into an energy range where the energy resolution of the plasma analyzer is too coarse to determine 13-s temperature values.
The fourth panel in Figures la-le shows the elevation angle of the magnetic field (GSM coordinates). Detailed information on all components of the field will be presented later. Although the magnetic field behavior seems rather chaotic during these events, there is a predominance of southward field. Note that the greatest incidence of steep southward fields usually occurs near the end of the tailward plasma flow interval. This observation is consistent with the plasmoid model, which predicts that the steepest southward fields occur in the trailing edge of the tailward retreating p!asmoid [Hones, 1977] . 
Time-Averaged Behavior of Plasma and Magnetic Field
The time-averaged behavior of plasma and magnetic field during the pre-heating phase of the five reconnection events is summarized in Table Table 1 , along with the spacecraft position XGSM, YGSM, and dZ, where dZ is distance from the nominal [Fairfield, 1980] neutral sheet. Table 1 include average density (n), average components of bulk flow (Vx) and (GSE coordinates) as determined from the ion data, average electron temperature (kTe), and average proton temperature (kT•). The latter quantity is somewhat uncertain owing to the possible contribution of heavy ions to the plasma sheet composition. As mentioned previously, the bulk flow velocities calculated from the electron data (not shown) agree fairly well with the bulk flow velocities calculated from the ion data.
Plasma parameters shown in
Thus the uncertainties of the flow averages are -,-20% of the total speed.
Magnetic field parameters shown in Table 1 Assuming that the calculated Va is not grossly in error, the bottom line of Table 1 shows that the time-averaged tailward flows are generally quite close to the local Alfv6n velocity. MHD reconnection theory predicts that the plasma ejected tailward from the neutral line will flow at the Alfv6n velocity as measured in the plasma flowing into the reconnection region from above and below [Vasyliunas, 1975] . Unfortunately, this prediction cannot be tested here, since measurements in the inflow region are lacking. Nevertheless, the observation that time-averaged plasma flows during the pre-heating interval are close to the local Alfv6n velocity is interesting in itself and provides an observational constraint that realistic models of reconnection in the earth's magnetotail must satisfy.
To summarize this overview section, plasma, magnetic field, and energetic particle data have been presented for five events to show that in close association with substorm magnetic activity in ground-based magnetograms, the following sequence of events is observed in the magnetotail: There is an onset of strong tailward plasma flow accompanied by a progressively greater incidence of steep southward magnetic field. After -,, 5 mina pulse of heated plasma electrons is observed, and this is closely followed by the observation of tailward streaming energetic electrons and, in three of five cases, a dropout of plasma density. Except for the electron heating, this is the same sequence of events that was demonstrated statistically in papers 1 and 2 for a larger set of events, and it is exactly the sequence predicted by the phenomenological substorm model of Russell and McPherron [1973] as elaborated by Hones [1977] .
The remainder of this paper is devoted to an examination of the microstructure of heated-electron events. In the course of this examination a number of phenomena will become apparent which are not encompassed by existing models of substorm-associated magnetic reconnection. In view of this it is important to remember that in this section the basic success of present reconnection models at explaining the macrostructure of these events has been demonstrated.
EVOLUTION OF ELECTRON DISTRIBUTION FUNCTION
This section examines the characteristics and evolution of the electron distribution function during heating events. It will be shown that, to first order, the heating reflects primarily a transition from a narrower to a broader Maxwellian. Thus the term "heating," as applied to these events, is used in its more restrictive sense; i.e., it implies not merely an energization of the plasma electrons but an energization that affects the main body of plasma electrons and that begins and ends with a near-Maxwellian. This has not yet been demonstrated, as the temperatures plotted in Figure 1 were calculated from the demonstrated that the gross evolution of the distribution function can be characterized as a true heating process. Figure 3 are fairly well fitted by Maxwellians, although statistically significant deviations do occur. The important point is that the energization process does affect the full distribution function. Data points are lowered at the low-energy end of the distribution and raised at the high-energy end, as is characteristic of a true heating process. This would remain true even if the two distributions in each plot were normalized to the same density.
It is evident that the distributions in
During the heating pulse the electron temperature increases by a factor of ~ 2-4, resulting in a net change of 0.6-1.4 keV, as shown in Table 2 . At the same time the density decreases by a similar factor, resulting in roughly equal electron pressure nkT e before and after heating. The net pressure change was generally ~25% or less. (Event 2 is an exception, with 50% pressure change.) It thus appears that the heating results in expulsion of plasma particles from the heating region in order to maintain approximate pressure balance.
Although Figure 3 demonstrates that the gross (averaged over azimuth and over 13 s of time) evolution of the distribution function can be described as a heating process, hints of the non-Maxwellian features alluded to above can also be seen. The peak-heating distributions for events 2 and 5 show a flattening around 2 keV, suggestive of a bump in the tail of the distribution. These non-Maxwellian features become much more apparent in the single-energy-scan distributions described previously, and these will now be examined.
Bump-in-Tail Distributions
Bumps in the tail of the electron velocity distribution were observed sporadically during the heating pulse in each of the five events but were rarely observed prior to heating. These bumps are most evident in the high time resolution measurements provided by a single energy scan of the plasma analyzer. As described earlier, a single energy scan over the energy range in which significant count levels are observed requires ~0. In a recent laboratory reconnection experiment, Stenzel et al. [1983] reported plasma heating as a result of a beam plasma instability. Electron and ion beams were found to originate at a double layer that formed in the neutral sheet when the current density exceeded a certain threshold. This result, in conjunction with the magnetotail observations reported here, raises the interesting possibility that parallel electric fields in reconnecting magnetotail plasmas might at times be supported by a double layer rather than by the resistive mechanisms assumed in MHD models. Table 1 . where M A is the Alfv6n Mach number of the velocity with which plasma convects into the diffusion region from above and below (the "merging rate") and Bo is the magnitude of the magnetic field threading the plasma convecting into the diffusion region [Vasyliunas, 1975] . For a merging rate of 0.1 [Vasyliunas, 1975] and for Bo in the range 10-20 nT, the expected southward component of the field is thus Bz '• -1 to -2 nT. Table 1 shows that the time-averaged value of B z during the pre-heating interval is in general accord with this MHD prediction.
MICROSTRUCTURE OF MAGNETIC
The microstructure of the magnetic field, however, is considerably more complex than envisioned in MHD reconnection models. Figure 5 shows that the instantaneously measured B z exhibits large variations about the mean value and that for brief intervals extremely large values of southward field are observed. These strong southward fields are often very steeply inclined, as the magnetic field elevation panel of Figure 1 shows.
The largest southward field tends to occur at the beginning of the heating pulse, with Bz < -10 nT observed at this time in four of the five events. In event 1 the southward component of the field momentarily reached -18 nT, which was larger than the lobe field magnitude of 16 nT observed 2 min later. If the validity of (2) is accepted, then extreme variability of Bz impties that the merging rate M,• is extremely variable, i.e., reconnection is unsteady and impulsive.
Laroe Br. Figure 5 shows that the Y component of the magnetic field exhibits a complex behavior and is often quite large during these reconnection events. In most events, Y components of -,• 10 nT were observed at some time, and for event 4, Br ~ -20 nT was observed for a 3-min interval near the beginning of strong tailward plasma flow. There is a tendency for the largest Br to occur prior to the heating pulse and, in some cases, after heating as well, with lesser values of Br observed during-the pulse. In fact, (Br) is often comparable to (Bx) and substantially larger than (Bz) during the preheating interval, as Table 1 The results of the analysis were mixed. Although a number of possible discontinuities were found, many of the hodograms did not show a clean pattern which could be simply interpreted as an MHD discontinuity. A possible reason 'for this is that the almost continual variation of the magnetic field during reconnection events may result from various causes.
For example, variations due to neutral sheet motion and waves may be superposed upon variations due to an MHD discontinuity. Thus any discontinuity present would appear not as a sharp transition separating regions of steady field but rather as a brief interval of rapid variation separating regions of lesser, but still substantial, variation. As a result, the boundaries of possible discontinuities are somewhat ill defined, and it is often difficult to decide exactly where to begin and end the analysis interval. Adding to these complications is the possibility that the discontinuity surface itself could be curved or wavy, resulting in a local normal direction thai changes as the discontinuity sweeps past the spacecraft. hodogram, along with the finite normal value of •4 nT indicated by the lower hodogram, suggests that this transition is a rotational discontinuity. During the transition the magnetic field magnitude changes from 13 to 8 nT. Hudson [1970] has shown that the magnetic field can change magnitude through a rotational discontinuity if the plasma is anisotropic.
Note that if only B x and B z are considered, the transition shown in Figure 6 resembles, at least superficially, a shock as predicted in the Petschek reconnection model [Petschek, 1964] . There is a transition from predominant Bx to predominant Bz, accompanied by a sharp decrease in field magnitude. However, during this transition, Br varies more than either Bx or Bz. When the behavior of all three components is considered there is no possibility that this could be a shock. The angle between the pretransition and posttransition magnetic field vectors is 128 ø, whereas for a shock this angle could not be greater than 90 ø . This demonstrates once again the importance of including the dynamics of Br in reconnection models. To summarize this subsection, several magnetic field transitions involving a sharp southward turning of Bz were analyzed and were found to be consistent with rotational or tangential discontinuities. Each of the examples shown occurred near the time of electron heating, but a clear association of these magnetic field features with a large-scale plasma structure, such as the edge of the plasmoid, is not evident. Numerous other intervals, not shown here, were also subjected to minimum variance analysis. Some of these could also be interpreted as rotational or tangential discontinuities, though many did not show a clean pattern characteristic of any MHD discontinuity. No clear example of a shock was found. Though the presence of shocks in these observations cannot be definitely ruled out, it does appear that shocks play less of a role in magnetotail reconnection events than do rotational and/or tangential discontinuities. '
SUMMARY
The reconnection events studied here can be divided into two phases, each associated with a distinctive behavior of plasma and magnetic field:
